A recently predicted two dimensional (2D) carbon allotrope, tetrahex-carbon consisting of tetragonal and hexagonal rings, draws research interests due to its unique mechanical and electronic properties. Tetrahex-C shows ultrahigh strength, negative Poisson's ratio, a direct band gap and high carrier mobility. In this work, we employ first-principles density-functional theory calculations to explore the directional dependence of electronic properties such as carrier effective mass and mobility in tetrahex-C. Tetrahex-C demonstrates strong anisotropicity in effective mass of charge carrier and therefore its mobility (electric conductance) exhibits a strong orientation preference. More interesting, we find that such unique anisotropic carrier effective mass and mobility can be controlled by simple uniaxial strain. The orientation dependence of effective mass can be dramatically rotated by 90̊ through applying uniaxial tensile strain beyond ~ 7% (11%) in the armchair direction for the hole (electron). As a result, the intrinsic carrier mobility in tetrahex-C is significantly enhanced. The results are useful for potential electronic and mechanical applications in tetrahex-C.
Introduction
Two dimensional (2D) structures such as graphene [1] [2] [3] , transition metal dichalcogenides (TMDs) [4] [5] [6] [7] , and phosphorene [8, 9] were successfully fabricated in lab and prompted remarkable research interests in 2D materials. Graphene was considered to have potential applications in future electronics [1] [2] [3] due to its unique properties such as ultrahigh carrier mobility 10 4 ~ 10 6 cm 2 /(Vꞏs) [1, [10] [11] [12] depending on situations of substrates and impurity level.
However, the zero-band-gap of pristine graphene limits its electronic applications. Other 2D materials such as TMDs [4] [5] [6] [7] and phosphorene [8, 9] possess the virtue of a finite direct band gap, a significant advantage over graphene for applications in optoelectronic and electronic devices. MoS2 retains carrier mobility ~ 200 cm 2 /(Vꞏs) [13] . The hole mobility of phosphorene is ~ 10 4 cm 2 /(Vꞏs) [14] .
A new 2D carbon allotrope, tetrahex-carbon consisting of squares and hexagons, was predicted by Ram and Mizuseki [15] based on the structure of penta-graphene [16] . This new structure possesses slightly lower energy than penta-graphene and implies larger opportunity to be fabricated in lab. It shows a direct band gap at  (HSE gap ~ 2.6 eV) with high electron mobility ~ 10 4 cm 2 /(Vꞏs) [15] . Through first-principles calculations, it was found that this material exhibits ultrahigh ideal strength outperforming both graphene and penta-graphene and demonstrates intrinsic negative Poisson's ratio [17] . In addition, tetrahex-C remains integrity of direct-gap with strain. It was found that the direct-band-gap feature remains intact up to 16 .4% of biaxial strain [15] and 20% uniaxial strain in the zigzag direction [17] , unlike TMDs and phosphorene which experience direct-to-indirect band gap transition upon strain applications [9, [18] [19] [20] [21] .
Tetrahex-C also possesses remarkable anisotropic behavior, especially in carrier effective mass and mobility. In this work, we find the effective mass of electron has a value of 0.23 me versus 1.77 me in the zigzag and armchair directions, respectively. The directional dependence of hole effective mass is even more astonishing with 13.88 me in the zigzag while 0.34 me in the armchair direction. The anisotropicity in carrier effective mass indicates a strong orientation preference in the carrier mobility (and electric conductance). More fascinating, we find that this exceptional anisotropic effective mass and mobility can be controlled by simple uniaxial strain.
The anisotropicity in effective mass (thus the orientation preference in electric conductance) can be dramatically rotated by 90̊ through applying uniaxial tensile strain beyond ~ 7% in the armchair direction. This effect is summarized in a schematics in Fig. 1(c) . As a result, the carrier mobility can be largely enhanced in some direction.
Computational methods
The first-principles density-functional theory (DFT) [22] calculations are performed using the Vienna ab initio simulation package (VASP) [23, 24] . The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [25] is chosen for general electronic structure calculations and geometry relaxation. The hybrid Heyd-Scuseria-Ernzerhof (HSE)06 method [26, 27] is used to calculate electronic band structures for a better prediction on the band gap of the system. The projector-augmented wave (PAW) [28, 29] potentials are used to treat interactions between ion cores and valance electrons. Plane waves are used to expand the valance electron (2s 2 2p 2 ) wavefunctions. The reciprocal space is meshed using Monkhorst-Pack method. The plane wave kinetic energy cutoff 900 eV and 15  13  1 mesh for reciprocal space are chosen in geometry relaxation and force fields calculations along with the PBE functional. The energy convergence criterion for electronic iterations is set to be 10 -6 eV and the force is converged within 0.001 eV/ Å with the energy criterion 10 -5 eV for geometry optimization of the unit cell. The kinetic energy cutoff 500 eV for plane wave basis set is used for the HSE band structure calculations. The zvector of the unit cell is set to be 20 Å to ensure sufficient vacuum space included in the calculations to minimize the interaction between the system and its replicas resulted from the periodic boundary condition.
In the band structure calculations, 31 k-points are collected along each high symmetry line in the reciprocal space. Carrier effective mass is defined as * ħ , where ħ is the reduced Plank constant, E is the energy of conduction band for electron or valance band for hole, k is the reciprocal wave vector. The effective mass of charge carrier is evaluated through a five-point second derivative, considering a k-point spacing smaller than 0.015 Å -1 in order to avoid nonparabolic effects.
The initial structure of tetrahex-C is obtained according to the reference [15] . Unlike flat graphene, this 2D carbon network is buckled and consists with tetragonal and hexagonal rings as shown in Fig. 1 . The unit cell has 12 carbon atoms, which are either sp 2 or sp 3 hybridized. The sp 3 hybridized atom is sandwiched between two layers of sp 2 bonded carbon. Starting with the optimized structure, uniaxial tensile strain is applied in the x (zigzag) or y (armchair) direction.
The tensile strain is defined as , where and are the lattice constants of the strained and relaxed structure, respectively. With strain applied in the x-or y-direction, the lattice constant in the transvers direction is fully relaxed through minimization of the total energy to ensure no stress in the transverse direction. 
Results and discussion

A. Effective mass of electron and hole in tetrahex-C
Our calculated lattice constants of tetrahex-C are a = 4.531 Å, b = 6.102 Å, buckling thickness d = 1.163 Å, which are in great agreement with literature [15, 17] . Tetrahex-C possesses a direct band gap at the center of Brillouin zone [15] . Our calculations confirm this and the band structure is presented in Fig. 3 (a) based on the hybrid HSE method. Our calculated HSE band gap is 2.64 eV, close to the value of 2.63 eV reported in the literature [15] .
The carrier effective mass is calculated using * ħ , where ħ is the reduced Plank constant, E is the energy of conduction band for electron or valance band for hole, k is the reciprocal wave vector. We calculate the effective mass in an arbitrary direction along -A with an angle  from the kx direction as shown in Fig. 2(a) . The calculated direction-dependence of the effective mass of electron and hole in the relaxed tetrahex-C is presented in Fig. 2 (b)-2(c). It is clear that tetrahex-C demonstrates a strong anisotropic feature. The effective mass of electron shows the smallest value of 0.23 me in the x (zigzag) direction, while possesses the largest value of 1.77 me in the y (armchair) axis. This is also clearly indicated in the electronic band structure as shown in Fig. 3 (a). The conduction band (state C) has a steep curve along the x direction while a rather flat band along the y axis, resulting a small (big) effective mass of electron in the x (y) direction. However, the situation is opposite for the hole as shown in Fig. 2(c) , in which the largest effective mass (13.88 me) is along the x-direction while the smallest value (0.34 me) is in the yaxis. This is also implied by the curvature of the valence band (state B) in Fig. 3(a) . Note that our calculated effective mass of electron and hole is not in a good agreement with the reference [15] , especially along the x-direction. We further use the advanced hybrid HSE method to re-evaluate the values. The HSE method gives similar results as our PBE predicted values. 
B. Uniaxial strain effect on the band structure in tetrahex-C
Uniaxial tensile strain is applied in the zigzag or armchair direction to explore the band structure variation under strain. It is found tetrahex-C maintains phonon stability up to 20% (16%) uniaxial strain along the zigzag (armchair) direction [17] . Under uniaxial tensile strain in the zigzag direction, the energy of the conduction band minimum (CBM, i.e. state C as labeled in Fig.   3 (a)) decreases, while that of the valence band maximum (VBM, i.e. state B) increases with strain, resulting a band gap reduction [17] . The direct-gap feature at  remains intact with the CBM (VBM) continuing at state C (B) under uniaxial strain in the zigzag direction up to 20% [17] . In the case of axial strain applied in the armchair direction, although the band gap remains direct (or quasi-direct) at  till strain up to 16% [17] , state energy crossover takes place so that the CBM (VBM) is no longer at state C(B). Fig. 3 shows the variation of the band structure with the strain in the armchair direction. For example, at y = 8% as shown in Fig. 3(b) , the VBM is no longer its original state B. Instead, the energy of state A increases rapidly with strain to exceed that of state B, thus represents the new VBM. Therefore, the effective mass of hole should now be evaluated from state A. State A has a steep band along the x direction and relatively flat band in the y axis, which is opposite to that of state B. Similar case also occurs to the conduction bands. For example, at y = 12% as shown in Fig. 3(c) , the CBM is no longer its original state C. The energy of state D decreases with strain to be lower than that of state C and represents the new CBM. As a result, the effective mass of electron is now evaluated from state D which has a steeper band than state C along the y direction to expect a smaller effective mass of electron. The directional dependence of the carrier effective mass in tetrahex-C under strain is presented in Fig. 2 (d)-2(e). It shows that the effective mass of electron in the y-direction significantly reduced compared to the case in Fig. 2(b) . In the case of hole, the direction-dependence of effective mass rotates by 90, when comparing Fig. 2 (c) and 2(e).
Through the analysis of the energy variation of states A-D as a function of strain plotted in Fig 3(d) , we can determine at which strain the energy crossover of states A and B (or C and D) occurs. It is found that A and B crossover takes place at ~7% strain while C and D crosses at ~ 11% strain.
C. Carrier mobility in tetrahex-C
In addition to the relaxed tetrahex-C, the carrier effective mass is also calculated for the strained system with y = 4%, 8%, 12%, and 16%. The obtained effective mass of electron and hole as a function of strain is presented in Fig. 4 (a)-4(b). The electron has larger effective mass in the y direction compared to that in the x axis with axial strain in the range of 0 ~ 11%. When strain is beyond 11%, the directional dependence of electron effective mass rotates by 90̊ with a significantly reduced value in the y direction (i.e. 1.39 me for 8% strain and 0.26 me for 12% strain). In the case of hole, the effective mass is larger in the x direction than that in the y axis in the strain range of 0 ~ 7%. Beyond 7% strain, effective mass of hole dramatically drops from 13.88 me in the relaxed structure to 0.25 me in the 12% strained one. In the y axis, the hole effective mass increases from 0.34 me in the relaxed structure to 1.18 me in the 12% strained one. The effective mass values are also listed in Table 1 . Our calculated carrier effective mass is checked using the advanced hybrid HSE method. It is found that the HSE predicts the same trends as that with the PBE functional, which further validate the robustness of the PBE results.
The carrier mobility in a 2D system is given by the expression [14, 30] , , where and are the energy of the system with and without lattice deformation, is the area of the lattice at equilibrium for the 2D system, ∆ and are the same meanings as mentioned before.
In order to calculate the elastic constant , the strain energy as a function of lattice compression/dilation in the x and y directions are plotted in Fig. 5 (a) and 5(d), respectively.
Through parabolic fitting the curve of the strain energy versus lattice deformation, our obtained elastic constants _ 288.6 N/m, _ 281.7 N/m, which are consistent with the elastic stiffness constants C11 and C22 in the references [15, 17] . The area of the lattice at equilibrium in tetrahex C is 27.648 Å 2 .
The deformation potential _ and _ for the VBM and CBM are evaluated through lattice dilatation/compression in the x and y direction, respectively. Their energy variations with strain are presented in Fig. 5 . The slope of the curve represents the deformation potential. The 9 calculated deformation potential _ is 5.44 (3.36) and _ is 3.38 (3.25) for the VBM (CBM).
Our calculated deformation potential values are close to those reported in literature [15] . . Note that our calculated mobilities are generally smaller than the values reported in Ref. [15] . This is mainly due to the discrepancy of the effective masses of charge carriers along the x-direction between our calculation and the reference. Our calculated carrier effective masses in the x-direction are bigger, which leads to smaller mobilities.
Since strain demonstrates dramatic effect on tuning effective mass of charger carrier as shown in Fig. 4 (a)-4(b), the carrier mobility is expected to be modified by strain. Note that the energy crossover occurs for both CBM and VBM bands with the uniaxial strain applied in the yaxis as presented in Fig. 3(d) . Therefore, the deformation potentials need to be evaluated near the strained lattice. Fig. 6 To calculate the deformational potential _ , the energy variation of the CBM and VBM need to be scanned for the lattice deformation in the x-direction. Since beyond y ~ 11% strain, state D (instead of the original state C) represents the CBM, the energy variation of state D with lattice deformation needs to be calculated to evaluate _ for the electron and the result is shown in Fig. 6(e) . Similarly, beyond y ~ 7% strain, state A (instead of the original B) represents the VBM, therefore the energy of state A is plotted in Fig. 6(j) to obtain _ for the hole.
The carrier mobility for the strained tetrahex-C can be calculated based on the obtained carrier effective mass and deformation potentials under strain. The results are presented in Fig.   4 (c)-4(d) as a function of uniaxial strain in the armchair direction, and also listed in Table 1 along with the charge effective mass and deformation potential for the relaxed and strained tetrahex-C.
It is clear that the electron mobility in the x direction _ is three times enhanced, from 3.682 for the 16% strained one. In the y direction, the hole mobility shows a peak value of 961 cm V•s at 4% strain. Both electron and hole mobilities can be enhanced with strain engineering in the zigzag or armchair direction. Table 1 . The calculated carrier effective masses in unit of free-electron mass, deformation potential constants in eV, elastic constants in N/m, carrier mobility in (10 3 cm 2 /(V·s)) along the transport directions.
Summary
Through first-principles DFT calculations, we find that the 2D tetrahex-C shows remarkable anisotropic feature in the carrier effective mass, mobility, thus electric conductance. More interesting, this prominent anisotropicity can be controlled by applying a simple uniaxial tensile strain in the armchair direction. The direction-dependence of the effective mass of electron and hole can be dramatically rotated by 90̊ when the strain is beyond a threshold value 7% (11%) for hole (electron), resulting in an enhanced intrinsic carrier mobility. The electron mobility in the zigzag direction is increased three times from 3.682 10 cm V•s in the relaxed tetrahex-C to 1.104 10 cm V•s t in the 16% strained one; while the hole mobility in the zigzag direction is increased more than one order of magnitude. The results may suggest potential applications of tetrahex-C in nanomechanics and nanoelectronics.
